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Abstract

The fast and slow cookoh, behaviour ofa series of in-service and research composition
rocket propellants have been evaluated using he standard SSCB (baced on the NWC
design) test, as part of a program in Erp!osives Ordnance Division (EOD) to develoo an
extensive insensitiVe munitions technology base A modified SSCB test methodology,
whereby the pressure output can be measured, was developed to enable a more quantitative
measure of the reaction violence and to prowvidefurther insight into the cookoff mechanism
The temperature d:stribution!gradient at various positions and depths ,!: the chnridr:ca!
propellant specimen, during fast and slow cookoff were measured. in order to understand S 0
the marked difference in the severity of the response shown by some of the propellants
when the heating rate was changed. Pressure and heat:mig rate dependent thermochemical

properties and thrmomechan:cal properties of the propellants were measured and
correlated with cookoff behaviour.
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Correlation of Cookoff Behaviour of
Rocket Propellants with I

Thermomechanical and Thermochemical
Properties

1. Introduction

Insenstive Mlunitions (NM), detoied in paragraph 6 of the draft Defence Instruction 0 0
General [DI(G)] on "Insensitive Murutions Policy and Impiementa'i n 11], is an
area which is assuming signuficant importance in Australia. The Australian
Defence Force (ADF) is in the process of adopting an official policy on IM
promulgated through a DI(G), currently being revised for final submission
Explosive ordnance (EO) in inventory and those being introduced into service are
to be assessed against the IM response criteria listed in Annex A of the DI(G) [I].
The potential threat areas in which munitions are required to meet 1M criteria
include:

(1) Fast cookoff (fucl fire)
(2; Slow cookoff 0 0
(3) Bullet impact
(4) Fragment impact
(5) Spall imipact
(6) Shaped charge jet impact
(7; Electrostatic discharge *
(8) 12 metre safety drop
(9) Svmpathetic detonation

The first foer IM qualification tests are mandatory, the pass criteria being 'no
response more severe than burning".
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The RAN is the most proactive Service for adoption of N1\1 Sbo.,' and fast
cookoff are technolog' shortfall areas highlighted in a recer.t RAN discussion
paper on 'Insensitive M-lunitions Acceptance Criteria and Tests 121 For example.
realistic heating rates appropriate to a given threat scenario and hazard response 0
criteria need to be identified. One of the aims of the present studv is to obtain a
better fundamental understanding of cookoff mecharusms, in order to help
allev iate these technolog.y gaps

Small-scale laborator\ tests that can predict the response ot energetic material
to cookoft are very desirable as they provide d cost effective, sirr.p!e and \ery
quick means ot assessing the response of the energetic component of the munition • S
to cookotf Small-scale tests are also convenient for conducting tundamental
studies ow the important factors that control cookoff induced reactions

A super small-scale cookoft bomb iS.SCB) test facilimt, based on the Naval
Weapons Centre tNWC) design [3]. has recently been established at .MRL [41 for
assessing the response of explosi\ es to fast and slow cookoft In the present
study, the cookoff behavicur of several typical in-service and iesearch
.omposition rocket propellants w'as assessed using the SSCB test, as part of a
program to deveiop an extensive IM technology base on solid propellants A
modified version of the standard SSCB test was also used here to enable a more
quantitative measure of the teaction violence v\-ia a pressure transducert to be
obtained, and thus provide a more scientific basis for predicting the hazard •
response of munitions In the standard SSC.B test, the reaction % iolence is
determined mairdv by the extent of damage to the vessel. However, it is often
difi,-uiL t[ assess the beveriL' oi the test response, bec-dUs the bounoaries
between the various levels of reaction are not distinct The difficu'tv cal- be
partially eliminated by using the modified SSCB. where the pressure/energ,
output is measured. Modification of the standard SSCB d;d not alter the test • * *
response or the reaction temperature ind time

Although the propellant size/geometry used in the SSCB test is much smaller
than the propellant charges used in the in-service rocket motor, this sma'll-scale
test can be expected to be useful in ranking the response of different propellants
It should be noted that the critical diameters for a deflagration-to-detonation
transition (based on similar propellants) of the HTPB/RDX, HTPB 'PETN and cast
double base (CDB; propellants used in this study are smaller than the diameter of
the specimen used in the SSCB test, but the HTPBiAP and HTPB.. AN propellants
have much larger critical diameters The critical diameters of the HTPBi'AP
propellants exceed 200 mm, i e larger than the charge diameter of most in-servi'e
rocket motors in the ADF inventorv A self-sustaining detonation reaction cannot
thereiore be achieved in full- and small-scale testing of these propellants

Although there have been numerous studies on the characterization o! ti-e tast
and slow cookoff behaviour of energetic materials [3-6]. little detailed iniormation
is available on the pressure and temperature dependence of the physico-
rne-hanirai and chemical kinetic parameters of the energetic material and thýEr
relation to cookoff behav;our. The development of satisfactory prediction
methodologies and modelling tools requires the pnysico-mechanical and cher:ca,
kinetic properties to be known as a function of temperature, pressure and heating
rate For example. it is important to know the phase changes in the propellant as
a function of temperature because the grain geometry is dependent on the
phase/s'ate changes w ith temperature In this study, the cookoff behas ,.;r of •
rocke, propeliants, with wideyv different thermornechanjcaý and tnermochemica;
properties, was assessed using the standard arnd modified SSCB tests Trhe
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cookoff behaviour of these propellants .va, correlated with prnrsure and heating
rate dependent chemical kinetics and thermomecharucal propertier The
propellants tested in these small-scale tests will also be used in motors in full-scale
testing. to enable a direct comparison to be made of the relevance of the SSCB test
to cookofl effects in rocket motors.

2. Experimental

2.1 Materials

The composite propeilant types, cast double base propellant (CDB!, and their
compositions are listed in Table I Heats of explosion (calorimetric values) of
these propellants were calculated from the weight fraction and calorimetric value
of each of the propellant ingredients (estimated from the heats ot formation and
combustior at constant volume) and are listed in Table 2

Table 1: Propfellan. conipost:;o's

Propellanr T -pe Birder Prepclvmer Curari' r Phasric~zer Oxidier

Seigh t %: ;re.ght%

Ccmposi:e

H-TPB' APt'20 SO) Hvdroyterr.nawed DDI Amrnmou pemhlera:e .50o)

Hard HTPB,'API (12 S8, PoYbitdiene 4 $ Anmmonrum-. perchiorvie 0S-%)

Soit HTPB'AP
t 

(12 83) r S Ammonium perchlrate (53%)
HTPB 'PE"N 20 50s: IrDI Penraer!I•t2roi terrarrrrave (So0
HT"rB. RDX 20 8K) DDI Cclotrirnethr!ene irici.ramine (•iýi

Double Base

CDB Nirroceliulose-Nitrogilcerrne
142 46 weight %. • i

Note i Dioctyvad;pate was used as the plasnc;zer

2•Oxidiser part.clc coarse, fine ratio 65,/35; coarse -2P0 .im.

fire -16 pm

Table 2: Heat of erplcsicr. ol ;ropel!arts

Propellar . Tý,pe Hear cl F.pIos:os

ik) kgr 0 0

Hard HTPB/At A12 88) 6290
Sof: HTPB. AP t2 58 6259
HTPB. k,20 30 - 4611
HTPB,'RDX 120 K, 2286
HTPS PETN '20 K- 2943

HTPE.AN t2, S-; 2 ',
CDB 4425

9
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The thermochemica, and mechanical properties of these propeliants were varied
b% varying the omid:ser type and loading level, and the plasticizer level
Hydroxy-terminated polybutadiene (HTPB). cured with IPO! or DDI. was used as
the binder in all the rubbery composite propellants. The ox,diser particlde- size and
coarse,; tine ratio (65/ 35) were upproximately the same i., all the composite
propellants studied here. All the propellants were made by standard processing
techruques as described previously [7,8].

The processed propeilants w, ere machined into c% lindrical peliet, ot l, nimn
diameter and n-4 mm length, with a mass of approximate!\ 20 g tor the SCB test

2.2 SSCB Test

The design of the standard SSCB test has been described in detai in reference [3]
Tests were conducted on all the sanip.-s at both fast (ca 1.2-C s :) and sl,,w tea 0
0 I:C s 1) heating rates For these tests, the measured temperature in the slot for
the thermocouple (Tspc K) in the aluminium liner was assumed to be sim:lar to
the propellant surrace temperature This assumpt:on is valid at the slow, heating
rate, w, here :he differences betwveen the measured temperature and the pýropeltant
surtace temperature were minimai there never being more than 2C d:t:erence
betw, een these two locations at any nne t:me isee Section. 3 2 0

For ali the propellants. tests were also conducted using a moditid SSCB vessel
which eiiables the pressure de% e'oped during cookoft to be measured The
standard test was inodified by repiacing the seaing piug trom the top or the test
assembly with a stainless steel pipe which connects to a pressure transducer,
Kistler type o207A The quartz pressure transducei used in th:s study has a rise
time of I p.s and a sensitivity of -1.2 pC/bar, and can only measure dvnamrc or 0

quasistatic pressures A shield was used to mount the pressure transducer and to
protect it from the biast A diagram of the modified -SCB is shown in Fig I

Studies on the temperature gradient/distribution in some of the prope;hants
during fast and slew cookoif were conducted by placing thermocouples at Ix
ditfferent locations within the SSCB The thermocouple posit!ons are indicated in
F;g 2 The thermocouples were connected to a Datataker 500 data logger %% hich
has 30 analog channeis

2.3 Thernornechanical Measurements

Dynamic Mechanical 1.DMTA, properties of the propeilants were measured using
a Rheometrics Mechanical Spectrometer. Model RDA2 [9] Measurements were
made in a ior:ed shear mode us:ng a rectangular torsion geometry The ana!,'sis
was made ou er a temperature range of -120&C to 100-C using a temperature step
siz,: of 3-C and a test tre.ue,.cs c4 0 1 raW - The tea. t iiliulll te•a l..ceatltit-, S
"wý, Was determined from. the temperature at which the shear loss modulus, G'.
was a maximum

10
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2.4 Thennal ,lcasurements

Thern mal nm as'. rrivitt- %v. e're ,.ont-tieted ti- I og a Du Pont nIpod,'vi 910 D-tte ret'na I

S'aintng Ca'Iorimeter tDSC) oter tihe pressure range 0 I to 52 - .I'a T[t samples
(2 mg to 4 rng %%ere heated oer the temperature range 3IC'C to 400 C at heating
rates of 5C mrm ;and 20, Cmm

Kinetic parameters ot the thermal decomposition were calculated trom a single
DSC thvrno,.tan; usin;g the toilo. ti t,;ttlations to rt'r-.,c:- tOt•. t, wt ,t
decompno,sitit and t t..r tenmperature depemtder.t"

!in k = -in kdj dO- nIn 0- a;l

and k = Ae Rt "

s.here k .s I!-, rate con,tant. da dt is !he rate of reaction = dit dt ,x 1 A; (dl I d- 0 0

= peak hergh: at a g:\ en;, time and A,.z totai area under !!i thter nro,;ran ' pe'k. a _.
tIe degreeate o t cor' ersron (a z I A. Ii %here Ii is the area under the

thermogram peak trom tine = v to gi'en time t= n I)--.th., rea.t t'i tordr A I,
the pre-.xp'onenittal tac:tor L[ , t>t. acti% atom, energ I, -' the gjms oI;-ýtait a.d I

is t:t! absolute tenpu.- re Ctb-ja•n:. tequat"oti I MI, "21 .% C> 0

Inida dta = nln0l-a,-E. RT1 , I A;

Equation (3i has the totn-, t = t, 1 t:\ !. , '.hur" I;; Ida J., is th_ dcpt'cdt'nt

-arnabie. In I1 - a) and i T arte the i.dependent variables and n E, R and in A are
the constant' t:. t- and It mesptcti\v ci I lence. the best \ alues at n. E, R and :'n A * •

can be determined hI, a nulhilinear regrecSion. • s

3. Results And Discussion 9

3.1 Cookoff Response of Propellants

The cookoft! behaviour o. the propellants studied here have, beens ,.ss'%ed u:ng
the standard and rod:ried SSCB test Some still frames tron' ,i normal speed (24
frames per second; v,:dec, taken during small-scale cookott tetinrg oi the hard

I-1TB Al' (12 ",, proeplant are shovwn :n Fig 3a-f They- show tIe sequence (t

e' ct,s durirn, smali-sale cookoat testtng The test response here is an expl-os:i
"The tast and slow .oako:! test responhes of the propeilant.- re sumniarized at

Tabl, 3 Reactjon temperature and time, at the si)\o and ;,t heating rate.,, at,
.E,".r, :n the rcmera�turc toC p ~r.,. ir, , a1.- *

Ihe propeha;ints can he ranked, in de.r.'asmng order. according to their react:,'r;

x'i,.'cnce as tIs , (propellants in the same box ha-v a i-'Jlar rankingl

12



Hard HIT'B l i w ad HTrS kPt2 ;

I HTPb A•O2)&)' HTPB, RD.X 12C 80)

Scal HTrB"AF" t12 W Soft T'1-,',AP t.2 88
IP 'Aron~S

ttli't3 RD\ 2.,' 5.-• 'J)P. , 5
HTP'B AN (2."-- NO

PiCDB1

wtitt 2.c

In general, the trends are similar at the fast and slow% rate, except for the 0 0

I-ITP13 RDX (2050 ' propeliant which showsed a %iolent deflagrrtion, t..pl-osior

reaction at the s",Ols rate but a buirnig reaction at the fast rate The v%'rN marked

dirterenfe in the 5% icrit% of test response shown by ilh, Hi-M RD\ k2; %);

propeilant. when the heatirý rate wa, chanrged, .'3 hv eplanamed b* the different

temperature dititriution n thi, propoellant during tIit and Cok, c,.o koft je •

Tibh 3. r'pmse SýC2'b)0 tc'.1 a't

I.i~ .. i T,pe lHriut,-r: Rwe Temrpearsrv, ,<', Timw, or - 0 ,

Hard HTPIV AT' Fat 328 . ,
tQ M5 igai.s E~plcosron

S:24 t2 Li..cgraiion, pnicr
E.p;-s~on

SHr H-iB AF F.si 3Z- : E1i3ýa5 iaon

Sic- 211 4(, 2 t)efldgrrAhon

HI'tB At Fasi 33ý lO S DCe.gration. Explosrn

EaFtraton
EsFlcsior

2I- .70 t
7
)fiaaýranor,

HT•.B 'FZD\ F-t 277 70 Bu- ,n F
12. SO Sirr.g Sdd turr,&g

sly,.,. 2 o;*• 3• 3 - fa ato
R',lIg.iton. EDeperstOr

tTPB PLT7N Fast 2,Yt 4 l
2" SO) Dea!raiion, Ws 1,rne'r

5!=':'+ i ?l~21 7 L hara n

Espios~on

tITT't ",N Faq 371 72 tild i-nu-ng
l:,T18B Bj r-, F.g

SIo, 23F 3., 3 Mi-i .srrang Buniniý

C •B Fasi 204 Mc " ,t.i r:.rr-,-g BBurnLn 0

,.•l I" ', t,,z1 .iri-,ng

0 0
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At both the fast and slow heating rates, the hard H'rPBiAP (12:88) propellant
showed the most violent response, pcesumably a result of its relatively high heat

of explosion (see Table 2), which is one of the many factors goverrung cookoff
response. When the plasticizer level of the HTPB/AP (12:88) propellant was 0
increased, the severity of the response was moderated. The soft HIPB/AP
(12:88) propellant has more flexible/extensible characteristics but its calorimetric
value is almost identical to the hard HTPB/AP (12:88) propellant The

mechanism by w!uch plasticizers decrease the level of test response is not well
understood Determination of the thermomecharucal properties of these
propellants (ambient to 120°C) using DMIA showed that the highly plasticized 4 1
propellant is less viscous at higher temperatures (see Section 3.3) The less
viscous propellant, because of its grea'er flow, is also harder to initiate i e longer
Lnutiation time (Figs 4 and 5)

The CDB propellant showe2d a surpnsingly mould response at both heating rates.
although its calorimetric value is simila: to the HTPB/ Al' (20:80) propellant (see
Table 2) The mild response may be related to the highly plasticized nature of
this CDB propellant, which contains 45 weight to of nutroglycerne in the
formulation The HTFB/AN (20:80) propellant also showed a comparatively
rmld cookoff response at both heating rates. TIus may be due to it,, favourable
thermal properties, where a laige part of the decomposit:on is endothermic (see
Section 3.4 and Fig. 10d) •

The pressure-time profiles of the propellants, at the fast and slow heating rates,
are illustrated i Hig ba and b (note that the start ot the pressure-time piots have
been offset for clarity) In this new methodology, using the pressure-time data

from the modified SSCB test, the initial rate of pressure rise (i.e. the initial slope
of the pressure-time plot) is related to the rate of energy release and gives some
indication of the likelihood of a violent reaction occurring The impulse (area 0 0
under the pressure-time plot) is a measure of the total energy released during the
reaction and therefore, must also be related to the extent of damage Average
values from 2 - 3 measurements for the peak pressure, initial pressure rise
(dP./dt), and impulse are listed in Table 4. It is important to note that, depending
on the propellant, the time scale uf the measured pressure is 80 to 70C) 0
microseconds i.e. the time taken for pressure rise and buildup is very small in

comparison to the time taken to deform/damage the SSCB test assembly. Thus,
peak pressures above the calculated burst pressure of the SSCB test assembly (ca.

73 MPa) can be measured
At both the fast and slow iheating rates, the initial pressure rise for an explosion

is relatively high (dPidt is ca 3 x 101 MPa.s t ) and the initiation pressure and 0
impulse exceed 750 MPa and 0.52 MPa.s respectively (e.g. the hard HTPB/AP

(12:88) propellant) For test responses which lie between deflagration and
explosion (e.g. HTPB.'AP (20:80) and HTPB.'PETN (20:80) propellants at the fast
heating rate), the initiation pressure is, 300 to 500 MPa and 'he :rnpulse is 0 075 to
0.096 MPa.s. For deflagration reactions, the measured impulse (e g 0 055 MPas •
for the soft HTPB,,'AP (12:88) propellant at the fast heating rate) :s lower than that

for a deflagration/explosion reaction but the peak pressure is in the same range
(300 to 500 MPa).

lb
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Table 4: Measured pressures front modified SSCB

Propellant Type Heating Rate Peak Pressure ImpU.,,e dP/dt •
CMPa) (MPa.s) (IfPa s" 1)

Had HTPB/AP Fast >800 >6.0 x 10-1 35x106
02:88) Slow

Soft HTPBIAP Fast 460 5 6 . 12 0 28 x 106
(12:88) SIC.

HTPB,'AP Fast 355,362 9 .x10-2 23.106 0 •

(20:80) Slow

HTPd!/RDY Fast 130 35x 10-' 33. 106
t20 80ý SIZow 505 6 ý 1 " t 6 si10

6

HTPB/PE'N Fast 432 7 t a 10-2 I 7 ' 106
(2080) Slow 164 6 9 . 10 2 58. 106

HTPBiAN Fast 425 35 . 104 I 2 109
(2380) Stow

CD3 Fast 55 13.i02 26 10
Stow

"T-he modified SSCB test is usefui in separating propeilants w.hicn showed similar
damage to the SSCB test assembly. For example, the HTPB/RDX (20:80),
HTPB/AN (20:80) and CDB propellants all gave burning reactions at the fast rate,
however, the impulse indicated that the RDX propellant gave a more violent • * •
reaction compared to the other two propellants (see Fig. 6a and Table 4). It is
interesting to note that the HTPB/ AN (20:80) propellant gave a relatively high
peak pressure but the impulse was vet- low. On the othet hand, the CDB
propellant gave a very low peak pressure over a much longer time

In assessing the cookoff hazard of rocket motors, it is important to have not only
some '•dicabon of the severity of the response, but also to know when to expect a 0 0
reaction. Thus, a second criteria for cookoff response is the ease of initiation.
This is given by the reaction temperature and time obtained from the
temperature-time profile. In contrast to explosives, where the reaction time and
temperature are not verv different for different compositions (based on the same
explosive with different binders [3 - 6], these parameters differ significantly for
the different classes of propellants and for similar propellants with different •
binder to oxidiser weight ratios (Table 3). The propellants are ranked according
to their ease of initiation, at the fast and slow heating rates, as follows (propellants
in the same box having a similar ranking):

*
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NITIAI1ON TEMPERATURE rNrATIONTNIME

Fast Pate j Slow Rute Fa~~t Slo., Rate

COB CODB " CDB CDB &

HTPB' PE•N (20 K )

HTPB jPETN (20 80) HTPB'BP EM (20 80, HTPB.'PETN (20 80)

HTPB. RDX (20 SO, HTPB, RDX Q20 ,C HTPB'RDX t20 SO HTPB. RDX (23 80.
i' H T .B ; .kN (20 o

Hard HTPB/AP (12 W5) HTPB,, AN (20 80) I HTPD. ,ANI (20 801 •(•

Soft HTPB.'AP (t 2 _ _ _

HTPB, AP (20 80 Soft HTPR 'AP 102 S8) iard HTPB/AP,- Hard fIPBAP

______________ ______________j('1288) (12 54-

HTPB:AN (20 80, Hard HTPB.AP (12 88} Soft 4TPB/AP (12 S8) So.t HTPB,'AP (12 88)

1 HTI"B'AP j20i 80 HT'PB, At'P80 1 HTPB, A' (2C 80;
I________ , I j

0
Thc 33ame trends were obterved fnr the initiation times at both the fast and slow

heating rates However, the trends for the initiation tempetatures are slightly
different for the two heating rates, probably a result of the non-uniform
temperature distribution across the specimen during fast cookoff.

For the composite propellants, the ease of initiation is dominated by the oxidiser • * •

type. The PETN and CDB propellants react very quickly and initate at very low
temperatures compared to the All propellants, due to their com,-arativelv low
thermal stability (see Section 3.4 and Table 5) The AP propellants are the hardest

to initiate Increasing the plasticizer level substantially increased the reaction
time but the iritiation temperature was not altered

* 0

* 0
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Table 5: Melting temperature (T.) and onset temperature Jbr decomposition (ambient
pressure) from DSC

PropelLant Type Heating Rate Melti Ent Or,.e• Second Onr.ei

('C m.ni) Temperammre Temperature Temperature

(C) ('C) ('C)

HTPB/AP (20-80) 5 294 366
20 336 397

Hard HTPBiAP 5 295. 317 372
(12:88)

20 321.,345 385

Soft HTPB/AP 5 290. 313 339, 315
(12:88)

20 328.348 365,370

HTPB/RDX(20:80) 5 198 222
23 205 243 •

HTPBiPETN(20 80) 5 129 .90
2.3 140 20:

HTPB/AN(20 80) 5 126. 167 237
127, 169 267

CDB 5 - 196 S
20 221 -

3.2 Temperature Distribution as a Function of Time

* 0 0
The temperature distribution within the specimen as a function of time, at the fast
and slow heating rates, was measured for the HTPB/RDX (20:80) and HTPB/AP
(20:80) propellants. The HTPB/RDX (20:80) propellant showed a marked
difference in the severity cf the test response when the heating rate was changed.
Temperature distributions as a function of time and, the radial and axial
temperature profiles are illustrated in Figs. 7 and 8.

In general, at the slow heating rate, almost uniform temperature distribution
across the specimen was achieved after the first 30 minutes; there was never more
than 2*C difference between the propellant surface and the Al liner of the SSCB
apparatus at any one time. For both heating rates, the temperature differtnce in
the axial direction is insigrnificant (less than 2°C to 31C at any one time), except on 0 0
the propellant surface where there is an air gap and heat loss by convection
through the top end of the SSCB apparatus can occur- (see temperature profiles for
thermocoupie positions 3 cf 5 and 2 cf 6 in Figs. 7a - d). On the other hand, the
radial temperature distribution is significant and highly dependent on the heating
rate

Our results clearly show that the slow heating rate produced a cookoff reaction 0
beginning at the centre of the propellant (Fig. 8a and b)- For the HTPB/RDX
(20:80) propellant, the temperature at the centre became higher than the outer
surface temperature several minutes before inutiation, due to self heating of the
propellant. Reactions originating at the centre may be expected to be more
violent than those beginning At the outer surface because of self confinement and •
decreased heat loss. Reactions which originate from the outer surface are more

20



likely to result in early rupture leading to venting of the test vessel and pressure i
release.

The fast heating rate produced a cookoff reaction beginning at the outer surface
of the propellant (see Fig. 8c and d). Temperatures at the surface (thermocouple
positions 2 A'nd 6) are much higher than temperatures near the centre of the
propellant (thermu.:ouple positions 3,4 and 5). This difference was almost 100'C
and 30'C to 40°C for the HTPB/RDX (20:80) and HTPB/AP (20:80) propellants
respectively. The much !ower temperature at the centre compared to the outer
surface of the HTPB 'RDX (20:80) propellant can explain its surprisingly mild test
response at the fast heating rate, because of early rupture and venting of the SSCB 4 •
test vessel.

3.3 Thermomechanical Properties and Relation to Cookoff

Behaviour • 0

A lypical DNITA spectrum of a HTPB,'AP propellant is shown in Fig 9. Dynamic
shear storage and loss moduli (G and G' respectively) and loss tangent (tan 5) are
plotted as a function of temperature. The loss tangent plot shows two major
relaxations - the low temperature glass transition at around -79VC to -82-C, and a
very broad high temperature transition (designated T. here) !n the temperature 0 0

range of -35'C to -15'C. They correspond to relaxation of the soft segments
(composed primarily of the HTPB prepolymer) and of the hard segments
(composed mainl' of sequences of the isocyanate curat:ve reacted with the
crosshriker 3r extender) respectively. The incompatibility of the hard and soft
segments and subsequent phase separation into separate domains is well * * *
documented for block copolymers and poly(butadiene-urethane) rubbers [7-9, 11-
131

The G' vs. temperature plot of a typical HTPB/AP propellant shows that in the
temperature range -130WC to -80*C the shear modulus is = I GPa and the
propellant is in a glassy state, exhibiting brittle mechanical behaviour. In the
temperature range -30-C to 70CC, the shear modulus drops to I to A. NIPa, 101
indicative of rubber-like behaviour. Above 702C, permanent deformation has
occurred and the propellant is in a rubbery-viscous state These phase changes
with temperature would hav.e some influence on the heat transfer characteristics
and geometry of the specimen i141, and must be taken into account when
modelling the cookoff response. *

Comparison of the DMTA spectra of the HTPB/AP (12 88) propellants with
different plasticizer levels indicate that the log G" vs temperature plot for the
more highly plasticized propellant exhibits lower loss shear moduli, and thus,
lower viscosihes (r' = GC/t, where rl is the in-phase viscosity and wo is the
frequency). Therefore, plasticizers may be expected to moderate the cookoff
response by decreasing the viscosity or increasing the flow of the material. A •
more detailed description of the effect of plasticizer level on the
thermomechanical properties and cookoft response of propellants ,ill be
described in a later paper
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3.4 Thermochemical Properties and Relation to Cookoff S 0 *

Behaviour

Thermal Decomposttion

The thermal decomposition, at ambient pressure, of propellants simjiar to the ones • •
studied here have been described in detal in reference 10 Melting and onset
temperatures for the thermal decomposition, at 5CC and 20CC miil , are !isted in
Table 5

Typical DPSC traces are shown in Fig. 10a-f. Propellants containing AP as an
oxidiser undergo a two-step degradation proess at ambient pressure The initial
degradation occurring in the temperature range 210'C to 230'C has been
attrbuted to tht•,mal decomposition of the oxidiser and the major decomposition.
occurring in the temperature range 300CC to 400'C, is due to a number of
reactions occurmng simultaneously which include decomposition of the polymeric
binder and further decomposition of the oxidiser [1u]

At ambient pressure, the HTPB/PETN (20:80) and HTPB/RDX (20.80)
propellants undergo thermal decomposition in the temperature range 150CC to
25°C and 209'C to 230'C respectively Unlike the AP propellants. only one
major degradation process was observed for these propellants The AN
propellant did not show an endotherm at the melting point, ca 170CC, of the
oxidiser This may be due to the ability of AN to form a stable liquid at its
melting point [15]. However, above the melting point of AN (see Fig 1od), a 0 5
large part of the clecompositioi of the AN propellant is endothermic
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Decomposition vs. time curves at various pressures for the HTPB/RDX (20:80)
and HTPB/AP (20:80) propellants are illustrated in Ila and Ilb. The sigmoid-
type curves for the HTPB/RDX (20:80) propellant (Fig 1 la) are typical of thermal ,,
decomposition oi pure RDX in the solid-state [16]. Increasing the pressure from 0 0
ambient to 1.7, 3.4 and 5.2 MPa, at a heating rate of 5°C minQ, did not alter the
reaction rate of this propellant nor the shape of the curves, indicating that there
was no change in the decomposition mechanism when the pressure increased
from ambient to 5.2 MPa.

The rates of decomposition for the HTPB/'AP (20:80) propellant decreased with
increasing pressure, ,n the pressure range U.1 to 5.2 MPa isce Fig 1 11). 0..oistei,

with a urumolecular-type reaction mechanism [16]. There was no change in the
general shape of the curve, i.e. there was no change in the decomposition
mechanism with an increase in pressure up to 5 2 MPa.

Table 6: Kmne:c parameters of prcpellants (ambi,'nt pressure; •

P:opelant Type Heatng Ratt Reaction Oraer Achanon Etnerg, kn As"
(CC nur.: (W. rrol.

HTPB. AP,20 80 5 1 " 40C-: 1"K 7t
2, 05±02 131 763 0

Hard HTPB/ AP 5 0:02 224: 80 365
(1t2 6.:

s l: 10 296± 1-0 175 1

Soft HTPB. AP 5 08:C4 UNs "t 10. 7521
(12 5j * * *

20 0±05 73 412

HTPB RDX (20 8M 5 10201 93

HTPB5 12 ± 0 3 '70 t A3C

(20 K:)

HTP6 AN (20 80ý •12 14t 0
2O 0"02 172 99

CDB 5 1 3 04 132 41 A
11± 002 193 133

Kinetics of Thernal Decomposition

The kinetic parameters of the propellants studied here, evaluated bs multil~near
regression analysis of equation (3), at heating rates of 5 and 20CC mn: and
pressures from ambient to 5.2 M•a are listed in Table 6. In general, there was
little change in the kinetic parameters with a change in pressure from ambient to
5.2 MPa.

For the HTPB.'AP (20:80), HiTPBiPETN (20:80) and HlIPB/RDX (20:80)
propellants, the overzii reaction order, at a heating rate of 5'C min-;, is unih'
Thus is consistent with isolated reactions in the solid phase The reaction order
for the decomposition processes of these propellants is probably a composite
order from a number of reactions such as decomposition of binder, oxidiser. and
their products
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When the oxidiser loading level was increased from 80 to 88 weight % (viz. the
hard and soft HTPB/AP (12:88) propellants), the reaction order, based on a
reaction order described by equation (1), changed to zero, indicating that the rate
of reaction is not solely dependent on the amount of unconsumed propellant.
The apparent zero order kinetics are consistent with the general observation that
the decomposition of some explosives and energetic materials is zero order [17).

Changing the heating rate from 5'C mm"t to 20'C m t- did not alter the reaction
order but in gener.l. decreased the activation energy, i.e the reaction mecharusm
was not altered but the decomposition rate increased. Our results suggest that in
modelling fast and slow cookoff reactions, it is important to deterr-une the kinetic 0 0
paiameters at the appropnate heating rates. However, in the pressure range
studied here, pressure has a less important effect on the kinetic parameters and
reaction mechanisms. Further work on the effect of increasing heating rates
(above 201C niun') and pressures (above 5.2 MPa) will be reported in a later
paper. •

4. Conc!usions

A modified SSCB test methodology, by which the energy (pressure) output can be 9

determined, has been developed at EOD to assess the cookofi response of rocket
propellants. Modit-ication ot the standard tL•i apparatus did not alter the test
response, reaction temperature, and reaction time. The modified SSCB test is
useful in discriminating between propellants which responded with similar
damage to the test assembly and gives a more quantitative measure of the 0 * *
reaction violence

The cookoff response of a series of in-service and research composition rocket
propellants have been ranked using the standard and modified SSCB test.
Hazard criteria for cookoff response of propellants sh-)uld include some
indication of when to expect a reaction, i.e. reaction time and temperature, in,
addition to the severity of the response The AN-based and CDB propellants 0
gave less violent responses but were much easier to initiate The AP-based
propellants were generally very hard to unitiate (relatvely long reaction times) but
gave more violent responses Increasing the plasticizer level of the HTPB.' AP

12:88) propellant moderated the test response
The HTPB.. RDX (20:80) propellant showed a marked difference in the test

response when the heating rate was changed At the fast heating rate, the
temperature difference between the outer suriace and centre of the propellant was
almost 100'C, whereas at the slow heating rate, almost uniform temperature
distribution was achieved after the first 30 minutes. The heating rate and
propellant geome•r.y determinc the temperature distribution across the sample
and therefore govern where the cookoff begins and consequently, the reaction 0
violence.

The results from this study indicate that the reaction violence of propellants is
governed to a large extent by their thenromecharical properties during cookoli,
and Dynamic Mechanical Thermal Analysis is a useful and a quick means of
determirnig the thermotnecharucal properties, viscosities, and phase changes ot
the propellant wit•i temperature

On the other hand. the- a ction time and temperature of propellants during
cookoff are governed by me thermochemistry, such as thermal stability and
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decomposition kinetics. Propellants with low thermal stability are easiest to i
initiate. Heating rate has an impoitant effect on the kinetic parameters and
therefore cookoff response. A change in heating rate from 5°C mmi to 20'C
min-' increased the decomposition rate in all the propellants. However, pressure
(in the range 0.1 to5.2 MPa) has a less important effect on the kinetic parameters
and reaction mechanisms.
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